Chlamydia trachomatis undergoes its entire life cycle within an uncharacterized intracellular vesicle that does not fuse with lysosomes. We used a fluorescent Golgispecific probe, {N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)]}ami-nocaproylsphingosine (C6-NBD-Cer), in conjunction with conventional fluorescence or confocal microscopy to identify interactions between the Golgi apparatus and the chlamydial inclusion. We observed not only a close physical association between the Golgi apparatus and the chlamydial inclusion but the eventual presence of a metabolite of this fluorescent probe associated with the chlamydiae themselves. Sphingomyelin, endogenously synthesized from C6-NBD-Cer, was specifically transported to the inclusion and incorporated into the cell wall of the intracellular chlamydiae. Incorporation of the fluorescent sphingolipid by chlamydiae was inhibited by brefeldin A. Chlamydiae therefore occupy a vesicle distal to the Golgi apparatus that receives anterograde vesicular traffic from the Golgi normally bound for the plasma membrane. Collectively, the data suggest that the chlamydial inclusion may represent a unique compartment within the trans-Golgi network Chlamydia trachomatis is the causative agent of several significant human diseases including trachoma, the leading cause of infectious blindness worldwide, and is the most common cause of sexually transmitted disease in the United States and in developed countries (1). Chlamydiae are obligate intracellular bacteria with a biphasic life cycle characterized by functionally and morphologically distinct cell types adapted for extracellular survival and intracellular multiplication. This developmental cycle takes place entirely within an intracellular vesicle (inclusion) that is not believed to be acidified and does not fuse with lysosomes (2). Infection is initiated by a small, metabolically dormant cell type called the elementary body (EB). After endocytosis, an EB differentiates into a larger, pleomorphic, and metabolically active cell type called the reticulate body. The reticulate bodies divide by binary fission throughout the remainder of the infection until the cell lyses at 40-44 hr after infection. However, at -18 hr after infection the developmental cycle becomes asynchronous, as increasing numbers of reticulate bodies differentiate back to EBs that accumulate within the inclusion until cell lysis occurs. The environmental signals that regulate this developmental cycle are unknown. There are many fundamental questions regarding the nature of the chlamydial inclusion-including its composition, permeability properties, biosynthetic origin, and lumenal contents. The chlamydial inclusion is isolated from established routes of intracellular trafficking; with the exception of vacuoles containing other chlamydiae, no cellular vesicles are known to fuse with the chlamydial inclusion (3). Although chlamydiae obviously acquire essential nutrients from the host cell, the mech-
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. L2 , at a multiplicity of infection of -0.5 and incubated for 18 hr in minimum essential medium (MEM)/10% fetal bovine serum at 37°C in an atmosphere of 5% C02/95% humidified air. Fluorescent C6-NBD-Cer (Molecular Probes) was complexed with 0.034% defatted bovine serum albumin (dfBSA) in MEM as described (5) to yield complexes -5 ,uM in both dfBSA and C6-NBDCer. C. trachomatis (L2)-infected HeLa cells were incubated with the dfBSA/NBD-Cer complex at 4°C for 30 min, washed with 10 mM Hepes-buffered calcium-and magnesium-free Puck's saline, pH 7.4 (HCMF), and incubated for various times in MEM/0.34% dfBSA to "back-exchange" excess probe from the plasma membrane. Cultures on coverslips were rinsed in HCMF solution before mounting for fluorescent microscopy.
Lipid Extraction and Thin-Layer Chromatography. HeLa cell cultures in 150-cm2 culture flasks were infected with C. trachomatis L2 EBs at a multiplicity of infection of '2. At 18 hr after infection, the culture medium was removed, and the cells were rinsed once with MEM. The cultures were labeled with 5 ,uM C6-NBD-Cer in MEM/0.034% dfBSA for 30 min at 37°C and rinsed three times with MEM; the medium was then replaced with MEM/10% fetal bovine serum and incubated for an additional 18 hr. EBs were purified by Renografin (Squibb) density gradient centrifugation (6 trachomatis L2 EBs at a multiplicity of infection of -2 or mock-infected and incubated at 37°C for 24 hr. The coverslips were rinsed once with MEM and incubated with 5 ,uM C6-NBD-Cer in MEM/5% dfBSA for 30 min at 4°C. The cultures were rinsed three times with MEM, and the medium was replaced with prewarmed MEM/0.34% dfBSA. The cultures were incubated at 37°C, and at various times, coverslips were Proc. Natl. Acad ScL USA 92 (1995) rinsed three times with HCMF solution. Coverslips were inverted onto glass microscope slides, and areas for quantitation of retained fluorescence were identified by visualization using Nomarski differential interference contrast optics on a Nikon FXA photomicroscope with a Nikon X20 Planapochromat objective. The selected area was demarcated using the photomicrographic spotmeter, and the transmitted light was extinguished. The photometric function of the microscope was used to quantify (in lux) the fluorescence intensity of the specimens under epifluorescent illumination using the fluorescein filter set. Six readings from each time point were averaged, and the SEMs were calculated.
Microscopy. Fluorescent and Nomarski differential interference contrast micrographs were taken on a Nikon FXA photomicroscope using a x60 Planapochromat objective. Photomicrographs were obtained using T-Max ASA 400 film (Kodak). A Bio-Rad MRC-1000 confocal imaging system equipped with a krypton-argon laser (Bio-Rad) on a Zeiss Axiovert 135 inverted microscope with a X63 Planapochromat objective was used for laser scanning confocal microscopy. Confocal images were processed by using Adobe PHOTOSHOP 2.5.1 (Adobe Systems, Mountain View, CA). (8) . To investigate any relationship between the Golgi apparatus and the chlamydial inclusion, C. trachomatis-infected cells were incubated with C6-NBD-Cer, a vital stain for the Golgi apparatus (9) . Control or infected cells incubated with C6-NBD-Cer at 4°C displayed diffuse fluorescent labeling of virtually all cellular membranes. Upon shifting the temperature to 37°C, the fluorescence rapidly redistributed first to the Golgi apparatus and, with continued incubation, to the intracellular chlamydiae within the inclusion (Fig. 1) . Incubation for longer periods resulted in virtually complete loss of fluorescence from the Golgi apparatus of either normal or infected cells. The probe accumulated, however, and remained associated with intracellular chlamydiae throughout the remainder of the growth cycle. Transport of the fluorescent lipid to the chlamydial inclusion was inhibited by brefeldin A, an inhibitor of Golgi function (10, 11) . Transposition of the fluorescent probe from the Golgi apparatus to the intracellular chlamydiae could therefore be observed temporally, and this process was inhibited by disruption of anterograde Golgi transport.
A confocal image of an isolated chlamydial inclusion after ceramide labeling is depicted in Fig. 2 . The chlamydiae within the inclusion displayed a distinct rim-like fluorescence pattern, suggesting incorporation of the probe into the cell wall of the parasite. No fluorescent labeling of the inclusion membrane per se could be documented by either confocal or conventional fluorescence microscopy. The probe appears to be rapidly incorporated by the intracellular chlamydiae once it is delivered to the inclusion. Indeed, purified chlamydiae, in vitro, rapidly incorporate NBD-Cer or NBD-sphingomyelin directly from the medium (data not shown) by what is likely an energy-independent mechanism.
To control for the possibility of nonspecific incorporation of ceramide into the cell wall of an intracellular bacterium, parallel experiments were carried out with Coxiella burnetii, a Gram-negative bacterium that multiplies within an intracellular vacuole with characteristics of lysosomes (12, 13) . C6-NBDCer was not accumulated by Coxiella burnetii (data not shown).
Incorporation of the fluorescent probe, therefore, required specific transport to the chlamydial inclusion and was not incorporated by bacteria inhabiting an intracellular vesicle distinct from the chlamydial inclusion.
Products of C6-NBD-Cer Metabolism Associated with Chlamydiae. Ceramide is the immediate biosynthetic precursor of sphingomyelin and glucocerebrosides. This enzymatic modification occurs within the cis and medial cistemae of the Golgi apparatus (14) . The major fluorescent product isolated from purified chlamydiae after ceramide labeling is sphingomyelin (Fig. 3) . This finding further indicates that NBD-Cer is processed through the Golgi apparatus before delivery to the chlamydial inclusion and is consistent with a report that chlamydial cell walls contain ''3% sphingomyelin, an otherwise rare lipid in prokaryotes (15) .
Export analogs, are transported to the plasma membrane via Golgiderived vesicles (18) . Thus (20) (21) (22) from host pools are known to be used by chlamydiae, the incorporation of ceramide, to (25) . One possibility is that chlamydiae modify the inclusion membrane by insertion of parasitespecified polypeptides (26) to prevent lysosomal fusion. Another possibility is that the chlamydial inclusion, by occupying a compartment within the trans-Golgi network, may evade a lysosomal response by appearing (to the cell) as a cytoplasmic organelle not destined to fuse with lysosomes. These two possibilities are not mutually exclusive; together they would imply that the chlamydial inclusion represents an aberrant compartment within the trans-Golgi network modified by the insertion of chlamydial polypeptides.
This proposed relationship between the chlamydial inclusion and the Golgi apparatus may suggest additional approaches to address many of the unanswered questions critical to understanding chlamydial biology. For example, glycosaminoglycans have been proposed as mediators of chlamydial attachment and entry (27) . As the Golgi apparatus is the site of glycosaminoglycan synthesis (28) , it is conceivable the chlamydiae might enlist host enzymatic machinery to synthesize these compounds not typically produced by bacteria. Although glycosylation of chlamydial proteins remains somewhat controversial (15) , the proximity of the inclusion to the Golgi complex allows for the possibility of host involvement in posttranslational modification. In addition to advancing our understanding of chlamydial-host interactions, the specific trafficking of ceramide to the chlamydial inclusion may have practical applications in the design of ceramide derivatives, such as therapeutic agents or probes of physical parameters, that are targeted to and accumulate within the inclusion.
